Background Best vitelliform macular dystrophy
features in patients with BVMD undergoing simultaneous multimodal fundus imaging and compare to those of normal age-matched subjects. Methods Comparative study including seven patients with BVMD (14 eyes) and seven age-matched healthy subjects (14 eyes). All participants were submitted to complete ophthalmological examination, fundus photography, and standardized multimodal fundus imaging protocol including Fourier-domain optical coherence tomography (Fd-OCT) combined with near-infrared reflectance and blue-light fundus autofluorescence (FAF). Results In two eyes in the "subclinical" stage, Fd-OCT revealed thickening of the middle highly reflective layer (HRL) localized between the photoreceptors' inner/outer segments junction (inner-HRL) and RPE/Bruch's membrane reflective complex (outer-HRL) throughout the macula. In one eye in the "vitelliform" stage, a homogeneous hyper-reflective material on Fd-OCT was observed between the middle-HRL and outer-HRL; this material presented increased fluorescence on FAF. The outer nuclear layer (ONL) was thinned in the central macula and subretinal fluid was not identified in these earlier disease stages. In patients of "pseudohypopyon" (two eyes), "vitelliruptive" (eight eyes) and "atrophic" (one eye) stages, Fd-OCT revealed a variety of changes in the middle-and inner-HRLs and thinning of ONL. These changes were found to be associated with the level of visual acuity observed. Thickening of the middle-HRL was observed beyond the limits of the clinically evident macular lesion in all eyes. Conclusions Multimodal fundus imaging demonstrated thickening of the reflective layer corresponding to the photoreceptors' outer segments throughout the macula with no subretinal fluid accumulation as the earliest detectable feature in BVMD. Changes detected in the photoreceptors' reflective layers (middle-and inner-HRLs) and ONL thinning seemed to be progressive with direct implications for the level of visual acuity impairment observed among the different stages of the disease.
Keywords Best disease . Fourier-domain . Fundus autofluorescence . Infrared . Retinal pigment epithelium . Spectral . Tomography, optical coherence . Vitelliform macular dystrophy Best vitelliform macular dystrophy (BVMD) is a rare autosomal dominant retinal disease with highly variable phenotypic expression [1, 2] . The disease-causing gene BEST1 is located on chromosome 11q13 and encodes bestrophin-1 [3] [4] [5] , a multifunctional transmembrane protein that is localized in the basolateral plasma membrane and intracellular space of retinal pigment epithelial (RPE) cells [6] [7] [8] [9] . Whether bestrophin functions directly as a Ca 2+ -sensitive chloride channel or as a regulator of ion transport, compelling evidence suggests that it is involved in the light peak conductance registered on electrooculography (EOG) [10] [11] [12] [13] [14] [15] . Clinical suspicion of BVMD is based on the typical macular findings initially described by Best, who recognized an evolving spectrum of vitelliform macular lesions with advancing age [16] often in the setting of a positive family history. The diagnosis is confirmed by an abnormal light rise on the EOG [17] [18] [19] , or by the identification of BEST1 gene mutation [20] .
The definite diagnosis of BVMD, however, may be complicated. From a clinical perspective, atypical presentations such as multifocal vitelliform lesions [21] [22] [23] [24] [25] [26] , as well as the occurrence of choroidal neovascularization in various stages of the disease may confound the diagnosis at first [24, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . A reliable EOG test is dependent on patients' full cooperation, which is a challenge in the pediatric population. Finally, while genetic tests to identify the BEST1 gene mutation are routinely performed in some referral centers, the access to this high-cost analysis remains restricted in many countries, and the phenotypic-genotypic correlation has been inconsistent so far since specific mutations were associated with a wide range of clinical manifestations [1, 21-23, 37, 38] .
Therefore, the identification of additional phenotypic findings that would facilitate the diagnosis of BVMD is highly desirable. In this manuscript, we describe the morphological macular features in patients with BVMD undergoing multimodal fundus imaging and make comparisons with those of normal age-matched subjects, with particular interest in findings obtained on Fourier-domain optical coherence tomography (Fd-OCT) guided by bluelight fundus autofluorescence (FAF) and by near-infrared reflectance (NIR).
Materials and methods
Patients with BVMD identified through a review of medical records between January 2003 and September 2009 at the Macular Imaging and Treatment Division of the Hospital de Olhos de Araraquara and at the Department of Ophthalmology of Columbia University were invited to participate in the study. First-order relatives were contacted when possible and invited to participate. The study protocol followed the statements of the Declaration of Helsinki and was approved by local Institutional Review Boards (#10121/2008 and #AAAB6560, respectively). Written informed consent was obtained for all participants prior to their inclusion in the study.
All participants underwent a complete ophthalmologic examination including best-corrected visual acuity (BCVA) utilizing early treatment diabetic retinopathy study (ETDRS) charts, slit-lamp biomicroscopy, and applanation tonometry. For illiterate participants, BCVA was measured using Snellen "E" charts. EOG testing was performed followed by a dilated fundus examination [39] . Due to local unavailability of genetic analysis, the diagnosis of BVMD was based on the presence of a positive family history with at least one affected first-order relative and an abnormally low to absent EOG light rise (Arden ratio <1.5) [39] with or without abnormal funduscopic changes [2, 9, [17] [18] [19] [20] . For those patients meeting the diagnostic criteria, color, red-free, NIR, and FAF imaging were performed. The FAF was documented with an excitation wavelength of 488 nm and the emitted light detected above a 500-nm barrier filter, using the "high-resolution" mode with the "automatic real time" (ART) mean module set at 25 frames and "normalized" function activated. Stereoscopic fluorescein and indocyanine green (ICG) angiography were also performed if choroidal neovascular proliferation associated with the vitelliform lesion was suspected based upon prior investigations.
For the purpose of the current study, BVMD lesions were staged essentially according to the clinical classification proposed by Gass [2] . A deposit of yellowish material in the center of the macula resembling an egg yolk characterizes the "vitelliform" stage. Initial disruption of the vitelliform lesion with gravitational displacement of the material refers to the "pseudohypopyon" stage. Further disruption with remnants of yellowish material irregularly distributed and associated with RPE mobilization characterizes the "scrambled-egg" or "vitelliruptive" stage. Eventual absorption of the material and subretinal fluid leaving a flat area of RPE changes defines the "atrophic" stage.
Age-matched subjects were enrolled as controls. For inclusion, control subjects had to have a LogMAR ETDRS BCVA (converted to Snellen) equal or better than 20/25, a spherical equivalent refractive error of no greater than ±1.50 diopter, intraocular pressure of less than 21 mmHg and no prior history or clinical evidence of retinal or optic nerve disease.
All participants underwent Fd-OCT imaging on a commercially available device (Spectralis® HRA+OCT; Heidelberg Engineering Inc., Heidelberg, Germany). Two types of scan acquisition protocols were used. The first protocol utilized the built-in scan acquisition function termed "volume" to acquire three-dimensional Fd-OCT data in a raster pattern consisting of 49 B-scans covering a 20°×20°fundus area (equivalent to ∼5.6×5.6 mm). The second protocol utilized the built-in scan acquisition function termed "section" to acquire several B-scans covering a linear 30°fundus area (equivalent to ∼9 mm) in both the horizontal and vertical orientations which were positioned under discretion of the examiners during manual raster scanning of the entire macular area according to the reference fundus images (such as FAF, for example). The "high-resolution" mode with the ART mean module set at 25 frames was utilized for both acquisition protocols. The Fd-OCT data were qualitatively assessed in all participants, and simultaneous acquisition of Fd-OCT scans and multimodal reference images allowed point-to-point correlation of fundus features.
Results
Fourteen eyes of seven patients with BVMD and 14 eyes of seven age-matched controls were included. The mean age of enrolled subjects was 33 years (range 5 to 62 years) for patients and 34 years (range 7 to 66 years) for controls, and they were all male. The median LogMAR EDTRS BCVA (converted to Snellen) of patients and controls was 20/50 (range, 20/20 to 20/320) and 20/20 (range, 20/20 to 20/25), respectively (Table 1) . According to the clinical staging adopted in the current study, one patient had a "vitelliform" lesion in the left eye and a "vitelliruptive" lesion in the right eye, one patient had "pseudohypopyon" lesions in both eyes, three patients had "vitelliruptive" lesions in both eyes, and one patient had a "vitelliruptive" lesion in the left eye and an "atrophic" lesion in the right eye. The remaining patient had no macular lesion detectable on clinical examination.
In one patient (age 5 years) with a positive family history of BVMD (his father, one first-order uncle, and a first-order cousin have BVMD with symptomatic fundus lesions), an abnormally low light rise result was observed in both eyes (Arden ratio equal to 1.19 [right eye], and to 1.17 [left eye]). Although the clinical evaluation was otherwise unremarkable, Fd-OCT imaging demonstrated a prominent highly reflective layer (HRL) between the outer-HRL (corresponding to the RPE/Bruch's membrane reflective complex) and the inner-HRL (corresponding to the junction of the inner and outer segments of the photoreceptors, or IS/ OS junction) in both eyes (Fig. 1 ). This reflective layer at the level of the photoreceptors' outer segments (OS) was revealed with the advent of high-resolution OCT [40] , and for the purpose of this study is referred to as the middle- HRL as its precise histological correlation remains a matter of debate. When compared to the Fd-OCT images of the age-matched control eyes, the middle-HRL in this patient was abnormally thickened throughout the macula, particularly at the fovea. The total retinal thickness at the center of the fovea was not increased due to concomitant thinning of the outer nuclear layer (ONL). Hyporeflective spaces corresponding to fluid were not observed on Fd-OCT evaluation. No differences between patient and control were noted on NIR images. The FAF was apparently unremarkable, but high-quality documentation was not achieved due to poor cooperation (Fig. 1) . Given that no follow-up is presented and no genetic analysis was performed as well as the fact that BVMD is an autosomal dominant disease with incomplete penetrance and variable expressivity, the term "subclinical" was preferred to the terms "previtelliform" or "carrier" to stage this particular lesion.
"Vitelliform" stage
In one patient (age 6 years), an elevated yellow round macular lesion measuring approximately 3/4 disc diameter across was found in the left eye. On Fd-OCT imaging, the foveal retina was elevated due to a homogeneous hyperreflective material located just above the outer-HRL (RPE/ Bruch complex). The middle-HRL was elevated at the margins of the hyper-reflective material and followed the contour of the lesion with areas of thickening and fragmentation above the hyper-reflective material. The ONL appeared thinned above the hyper-reflective material due to heterogeneous hyper-reflective signals that are not commonly observed at this layer. Hyporeflective spaces corresponding to fluid were not observed on Fd-OCT evaluation. The NIR imaging clearly delineated the margins of the vitelliform lesion. The hyper-reflective material observed between the outer-HRL and middle-HRL (thus localized presumably between the OS and RPE layers) presented increased fluorescence on FAF (Fig. 2) . Combined Fd-OCT and FAF evaluation revealed that the ONL was somewhat thinned beyond the clinically evident margins of the lesion along its entire contour. In addition, thickening of the middle-HRL, identical to that observed in the child with subclinical stage above described (Fig. 1) , was also documented in regions of normal fluorescence on FAF close to the vitelliform macular lesion (Fig. 2) .
"Pseudohypopyon" stage
In one patient (age 19 years), an elevated oval macular lesion measuring approximately three disc diameters across was observed in both eyes. A yellowish material located more prominently at the inferior aspect of the lesion was evident. In the center of the macula, Fd-OCT imaging showed separation of the neurosensory retina from the outer-HRL (RPE/Bruch complex) by an optically clear space and clumps of homogeneous hyper-reflective material overlying the RPE inferiorly displaced (Fig. 3) . In the elevated neurosensory retina, the ONL was thinned when compared to the control eyes and presented focal regions of heterogeneous reflectivity. The inner-HRL (IS/OS junction) exhibited focal areas of disruption superiorly and nasally to the fovea in both eyes. The elevated middle-HRL (photoreceptors' OS) was irregularly thickened. The outer-HRL (RPE/Bruch complex) was relatively preserved beneath the elevated neurosensory retina, with small hyper-reflective mounds at this level. On FAF, increased autofluorescence from the hyper-reflective material overlying the RPE was observed from the inferior aspect of the lesion and, to a lesser degree, from the margins of the lesion. Fundus NIR clearly delineated the retinal elevation. Of note, in the macular region above the vitelliform lesion with normal fluorescence on FAF, the Fd-OCT imaging revealed a distinctively thickened middle-HRL when compared with corresponding areas in the control eyes. "Vitelliruptive" stage
In eight eyes of five patients (age 6-62 years) elevated macular lesions measuring from 1 1/2 to 3 disc diameters across were observed. Variable amounts of yellowish subretinal material were dispersed within and at the margins of the macular lesions in all eight eyes; in five of these, a distinct grayish subretinal tissue was evident at the center of the lesions. In all eight eyes, Fd-OCT imaging showed the neurosensory retina separated from the outer-HRL (RPE/ Bruch complex) centrally by an optically clear space. In the elevated neurosensory retina, there was marked thinning of the ONL and a variable degree of alterations of the middleand inner-HRLs (photoreceptors' OS and IS/OS junction, respectively) when compared to control eyes. In one patient (age 6 years), the photoreceptors' OS were irregularly elongated. In the remaining patients (age 37-62 years), regions of hyper-reflectivity from the IS/OS junction and abnormal elongation of the OS were interspersed with areas of complete absence of photoreceptors' signal. The subretinal grayish tissue at the center of the domeshaped lesion corresponded to hyper-reflective mounds at the level of outer-HRL (RPE/Bruch complex). Two somewhat distinct hyper-reflective mounds were identified on integrated evaluation of multimodal fundus imaging. The first mound was associated with relative shadowing of the underlying choroid signals on Fd-OCT, had no characteristic findings on FAF and was poorly delineated on NIR (Fig. 4) . The second hyper-reflective mound was invariably associated with secondary retinal changes; the outer retinal layers were indistinguishable and generally collapsed over the mound. In addition, unlike the first, this mound was associated with relative hyper-reflectivity of the underlying choroid, and it was clearly delineated on FAF and NIR imaging (Fig. 4) . The yellowish subretinal material observed clinically tended to accumulate at the margins of the macular lesion and presented characteristics similar to the yellowish material also observed in eyes with vitelliform and pseudohypopyon stages, appearing as a homogeneous hyper-reflective material just above the outer-HRL (RPE/Bruch complex) on Fd-OCT and exhibiting increased fluorescence on FAF. The Fd-OCT imaging beyond the dome-shaped lesion demonstrated diffuse thickening of the middle-HRL throughout the macular area when compared with control eyes.
In one eye of one patient (age 62 years), we observed an irregular oval area of RPE mobilization of approximately 2 1/2 disc diameters across encompassing the macula with no apparent retinal elevation. Within the lesion area, Fd-OCT imaging revealed overall thinning of the neurosensory retina with a shallow separation from the outer-HRL (RPE/Bruch complex) by an optically clear space. The photoreceptors' reflective complex (OS/inner-HRL/IS) was practically absent in the fovea, and the ONL was thinned throughout the macula when compared to the control eye. The outer-HRL (RPE/Bruch complex) was relatively preserved, and one isolated hyper-reflective mound with underlying choroidal shadowing was observed. A mild stippled fluorescence on FAF was observed throughout the macula. Fundus NIR was not helpful in delineating the extension of the macular lesion. Evaluation of the macular area around the lesion demonstrated that the middle-HRL was more evident and diffusely thicker throughout the macula when compared to control eyes.
Discussion
The pathogenesis of BVMD has been a matter of speculation since the disorder was first described. Since the encoded protein of BEST1 is expressed in the RPE, the primary dysfunctional site of BVMD apparently lies within the RPE cells [3, 6, 41] . In addition to the proposed Note increased FAF from optic nerve drusen mechanisms involving ionic conductance in the RPE cell, bestrophin activity possibly influences intracellular processes such as phagocytosis and lysosomal function [9, [42] [43] [44] as well as vascular endothelium growth factor production by the RPE [45] . The few histopathological studies reported to date are conflicting in fundamental issues such as whether the primary tissue damage evolves with RPE or neurosensory retinal changes [28, 29, 41, [46] [47] [48] . Interpretations of pathophysiologic mechanisms based upon OCT findings in BVMD have also lacked agreement among investigators [19, 20, [49] [50] [51] [52] [53] [54] . Some authors concluded that the initial morphological events in patients with BVMD also occur at the level of the RPE monolayer [49] . In the current study, no obvious alteration could be demonstrated on Fd-OCT specifically at the reflective layer corresponding to the dysfunctional RPE monolayer in the macula of eyes with subclinical or vitelliform lesions. Conversely, the reflective layer (middle-HRL) corresponding presumably to photoreceptors' OS was apparently thickened throughout the macula based on our interpretation (Fig. 1) . Our impression was that the middle-HRL was also apparently thickened in macular regions with otherwise normal fluorescence on FAF (Fig. 2) .
In patients with BVMD, Querques et al. recently demonstrated the presence of "previtelliform" lesions that were characterized by a "thicker and more reflective appearance of the layer between the RPE and the photoreceptor IS/OS interface in the central region, compared with the normal macula" [54] . These authors correlated this thickened layer to the Verhoeff's membrane [54, 55] . Additionally, in the previtelliform stage, they reported a "normal appearance of all major intraretinal layers from ILM to ELM, as well as a normal-appearing RPE and IS/OS interface, were found in two eyes (50%); focal disruption of IS/OS interface and of the layer between the RPE and the IS/OS interface was observed in another two eyes (50%)" [54] . In the current study, we also documented a thickened layer at the outer retina in both Fig. 5 Fourier-domain optical coherence tomography (horizontal scans) from a spectrum of patients to illustrate the different stages of Best vitelliform macular dystrophy. "Subclinical" stage (a): the middle highly reflective layer (HRL) correspondent to photoreceptors' outer segments (OS) is thicker throughout the macula; BCVA was 20/20. "Vitelliform" stage (b): homogenous hyper-reflective material is observed between the outer-HRL (RPE/Bruch's membrane reflective complex) and the middle-HRL. Over the material, the photoreceptors' OS appears elongated, the outer nuclear layer (ONL) is thinned, and both the inner-HRL (IS/OS junction) and the external limiting membrane (ELM) are distinguishable (yellow arrow); BCVA was 20/32. "Pseudohypopyon" stage (c): the outer-HRL is fairly preserved (green arrow), subretinal fluid is observed (with inferior displacement of vitelliform material), photoreceptors' OS are elongated and irregular aligned (orange arrows), inner-HRL is regularly discernible (red arrow), and the ONL is thinned; BCVA was 20/32. "Vitelliruptive" stage (d and e): the OS become shortened and grossly misaligned (orange arrows), attenuation and fragmentation of the inner-HRL (red asterisks) are observed, and the ONL becomes so reduced that is no longer clearly discernible; split (green arrowheads) of the inner-HRL (green arrow) due to hyperreflective mounds (green asterisks) may be seen; BCVA was 20/100 in each eye. "Atrophic" stage (f): further loss of photoreceptors' cells occurs (orange arrows), and subretinal fluid may eventually reabsorb; in absence of hyper-reflective mounds, the outer-HRL may be relatively well preserved (green arrow); BCVA was 20/320 eyes of a 5-year-old child with an unremarkable clinical examination. However, unlike Querques et al., we believe that this particular finding occurs at the level of the middle-HRL, which corresponds to photoreceptors' OS reflective layer and not to "Verhoeff's membrane" [54] , which corresponds to junctional complexes along the lateral cell membranes of the RPE that on light microscopy produce the effect of a continuous membrane at the RPE level [56] . Moreover, the middle-HRL was apparently thickened throughout the macula of both eyes with secondary ONL thinning observed centrally (Fig. 1) . Based on the multimodal imaging documentation we obtained, these particular findings were observed in regions of normal fluorescence on FAF with no evidence of subretinal fluid accumulation ( Figs. 1 and 2) .
Histopathological studies of vitelliruptive lesions reported variable degrees of photoreceptors' cell damage with descriptions ranging from "total atrophy" to "IS of surviving photoreceptors shortened and tipped by only small bits of OS material". Notable attenuation of the ONL was a constant finding in these studies [28, 29, 46] . These histopathologic observations are in agreement with our findings. We demonstrated a variable degree of photoreceptor damage on Fd-OCT, which ranged from the absence of the entire photoreceptors' reflective layer with adjacent ONL thinning in an eye at the atrophic stage to a relatively well-preserved IS/OS junction associated with elongated OS and reduced ONL in eyes at earlier disease stages. Coupled with the clinical results (BCVA measurements) and observations from FAF documentation, we believe that the hyper-reflective signals at the level of the OS/inner-HRL/IS reflective layer observed on Fd-OCT may correspond mainly to segments of "surviving photoreceptors' cells". In the current study, as long as reflective signals from the OS/inner-HRL/IS layer were present in the foveolar region, the BCVA was as good as 20/25 in eyes with vitelliform or pseudohypopyon lesions, and 20/32 in an eye with a vitelliruptive lesion. In contrast, BCVA was decreased to 20/320 in an eye with atrophic lesion and absence of the entire OS/inner-HRL/IS reflective layer within the foveola (Fig. 5) .
This study has obvious limitations, such as the small number of patients and the absence of a normative database for the thickness of the different photoreceptors' reflective layers at the present moment, which preclude any definitive conclusion to be made. Genetic analysis looking for possible genotype-phenotype correlation regarding the Fd-OCT findings herein suggested as well as for potential differences in Fd-OCT features between subclinical stages and carrier status should also be considered in future studies. However, the concordance between our multimodal imaging findings and previous histopathological [29] and functional [57] studies in BVMD patients apparently support our observations. Finally, as far as we are aware, this is the first study to suggest in vivo morphological changes in the photoreceptors' OS reflective layer diffusely throughout the macula (and not only in the lesion area), as well as the early involvement of the ONL centrally in the macula. These impressions, if confirmed in future studies utilizing multimodal fundus imaging, may ultimately have implications for early diagnosis in patients with BVMD.
